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Abstract
We present a photoacoustic technique for in situ sensing of particulates in reacting lows. The method is demonstrated by 
measuring soot distribution in laminar lat lames. The excitation source is a high-repetition-rate pulsed ibre laser. The result-
ing acoustic signals are measured using a uni-directional microphone and lock-in ampliier. Based on an Allan–Werle plot, 
the detection limit is estimated to be a soot volume fraction of 3 parts-per-billion. Fluence curves are presented, showing 
a plateau region similar to the behaviour typically observed for laser-induced incandescence. A dependence of the photoa-
coustic signal on pulse repetition rate is also demonstrated.
1 Introduction
Despite the increased use of renewable energy sources, the 
combustion of hydrocarbon fuels is expected to continue as 
one of the major sources of energy generation for at least 
the next few decades [1]. Polycyclic aromatic hydrocarbons 
(PAH) and soot formed during incomplete combustion of 
such fuels are major sources of global pollution, having det-
rimental efects both on public health [2] and on the global 
climate [3]. The accurate measurement of soot in laboratory 
lames with simple geometries is an important step towards 
understanding its formation and growth, and is also key to 
the development and validation of soot formation models 
[4]. Likewise, practical instruments capable of sensitive 
measurement of particulates in industrial systems are of 
relevance to process control and emission reduction.
Laser-induced incandescence (LII) [5] is one of the most 
commonly used methods for the in situ measurement of soot 
distribution in lames. Typically, the laser sources used for 
LII are pulsed lasers with high peak power and pulse dura-
tions of roughly 10 ns. The high-luence irradiation heats the 
soot particles to near their sublimation temperature ( ≈ 4000 
K [6]) and detection of the resulting incandescence provides 
a measure of soot volume fraction. Soot particle size can 
also be inferred from the rate of particle cooling based on 
heat transfer models [7].
We have previously demonstrated photoacoustic meas-
urement of soot in lames [8]. Advantages of this approach 
include the simplicity of the signal collection and the ease 
of alignment. A pressure wave is generated from the heating 
and expansion of the surrounding bath gas as soot particles 
cool following laser heating and can be measured with a 
suitable microphone or transducer. It should be noted that a 
disadvantage of the photoacoustic measurement approach is 
the inherent path-integrated nature of the technique. How-
ever, it may be possible to overcome this disadvantage in the 
future by the use of tomographic measurement approaches. 
The optical source used in this previous work was a high-
power, continuous-wave laser diode. The results showed 
good agreement with soot proiles measured using LII in 
the same lames. Nevertheless, the sensitivity was limited 
by the low amplitude of the laser power modulation at high 
frequency due to the inite bandwidth of the laser current 
driver.
A light source capable of a much larger modulation ampli-
tude would, therefore, ofer improved sensitivity. Recently, 
LII measurements have been made using high-repetition-rate 
pulsed ibre lasers [9]. Pulsed ibre lasers are potentially a 
more appropriate light source for photoacoustic measure-
ments because there is an efective on–of modulation at 
kHz rates, which leads to the prospect of a more favourable 
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detection limit and suicient signal levels to characterise the 
technique further by obtaining luence curves and investi-
gating measurement stability and frequency response. We 
present here, to the best of our knowledge, the irst measure-
ments of soot distribution using the in situ acoustic response 
of soot particles heated by a high-repetition-rate pulsed laser.
2  Experimental setup
The experimental setup is shown in Fig. 1. The lat-lame 
burner used for this work has been described in detail pre-
viously [8, 10], consisting of a 33-mm-diameter sintered 
stainless steel porous plug, with a 38-mm-diameter stainless 
steel stabilisation plate positioned 21 mm above the surface 
of the burner. The entire burner assembly can be vertically 
translated, with respect to the optical components, allowing 
measurements to be taken at a range of positions above the 
surface of the burner. All measurements reported here were 
recorded in premixed lames of ethylene and air. The low 
rate of each gas was controlled using mass low controllers 
(Cole-Parmer). This enabled the burner to be operated at a 
range of diferent fuel equivalence ratios, producing lames 
which ranged from those with a relatively low soot volume 
fraction, through to highly sooting conditions ( 휙 = 2.1 to 
휙 = 2.48 ). The one-dimensional character of these lames 
should ensure that any errors arising from the path-inte-
grated nature of the photoacoustic technique are relatively 
minor.
The optical source was a commercially available (SPI 
Lasers redENERGY G4 20W EP-Z), high-repetition-rate, 
pulsed ibre laser, emitting at a wavelength of 1060 nm. The 
pulse repetition rate and drive current were controlled via a 
PC interface. The divergent output beam from the in-built 
ibre-launch optic was focussed at the centre of the burner 
using a 60-mm-focal length, plano-convex lens. The beam 
proile was measured using a two-axis knife-edge proiler 
(Thorlabs, BP209-IR/M) and was found to have a waist 
( 1∕e2 diameter) of 190 μm at the focus. The diameter of 
the beam was measured to increase to 250 μm at the outer 
circumference of the burner. The measured transverse beam 
proiles were close to Gaussian and did not vary signiicantly 
as a function of pulse energy or repetition rate.
The acoustic signal was detected using a uni-directional 
condenser microphone (Sennheiser, ME-66), which has a 
frequency sensitivity range of 40 Hz–20 kHz. A lock-in 
ampliier (Perkin-Elmer, 7280) was used to measure the 
amplitude of the acoustic signal at the pulse repetition fre-
quency of the laser. A time constant of 2 s was chosen for 
lock-in detection to minimise the efect of any slight, short-
term disturbances at the periphery of the lame during the 
measurement. The output from the lock-in ampliier was dig-
itised either using an oscilloscope (Tektronix, TDs3014B), 
or PCI-based data acquisition card (National Instruments, 
PCI-6120).
3  Results and discussion
Figure 2 shows the measured photoacoustic signal as a 
function of laser luence for 5 kHz, 10 kHz, and 15 kHz 
laser repetition rates. The luence is deined here based on 
the 1∕e2 beam diameter at the focus. These measurements 
were recorded at a position 15 mm above the surface of the 
burner in a 휙 = 2.1 lame. The background acoustic signal 
was measured for each laser luence with the lame extin-
guished and has been subtracted from each measurement. 
This background acoustic signal is probably due to laser 
heating of the optical components and power meter, and is, 
therefore, minimised by the use of a directional microphone. 
The 5 kHz and 15 kHz measurements have been normalised 
to the 10 kHz measurement scale using the manufacturer-
stated frequency response curve for the microphone element. 
The error bars show the standard error calculated from four 
repetitions of each data point.
Fig. 1  Experimental setup (red lines denote optical ibre connections, 
dashed black lines denote electrical connections)
Fig. 2  Measured acoustic signal as a function of laser luence at vari-
ous pulse repetition rates, recorded 15 mm above the burner surface 
in a 휙 = 2.1 lame. The background acoustic signal has been sub-
tracted
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At all three pulse repetition rates, the photacoustic sig-
nal increases with laser luence, until reaching a plateau at 
a luence of approximately 200 mJ cm−2 . It is worth not-
ing the similarity in this behaviour to what has been widely 
observed when measuring peak LII signals as a function of 
laser luence [6]. The presence of a plateau tends to indi-
cate that the soot particles are heated to near their sublima-
tion temperature and, therefore, increased luence does not 
increase the peak temperature of the soot particles and hence 
there is no further increase in the measured photoacoustic 
signal. Interestingly, the signal level of this plateau increases 
signiicantly as the pulse repetition rate is increased.
This is explored further in Fig. 3, which shows the acous-
tic signal as a function of pulse repetition rate. Again, all 
measurements were corrected using the manufacturer-stated 
microphone frequency response. The average laser power 
recorded on the thermal power meter for each measurement 
is shown on a secondary axis. It is a characteristic of the 
laser that the peak pulse energy increases with the repetition 
rate (at a constant drive current setting). Therefore, the laser 
drive current was ixed at a relatively high level for all these 
measurements to ensure the measurements were taken in 
the plateau region of the luence curve for all the rep-rates 
tested. A linear trend of increasing acoustic signal with pulse 
repetition-rate is observed.
In attempting to account for this efect, we note that soot 
particles will be subject to multiple excitation cycles as 
they pass through the measurement volume. For example, 
given an approximate gas velocity of 0.5 ms−1 the particles 
will experience approximately 2, 4, and 6 heating cycles 
for 5 kHz, 10 kHz, and 15 kHz, respectively. Although the 
timescale for heat transfer from the soot particle to the sur-
rounding bath gas is typically of the order of a few hundred 
nanoseconds [6], the bath gas remains at an elevated tem-
perature for a much longer period of time [11]. This build-up 
of thermal energy in the surrounding bath gas as it passes 
through the measurement volume is expected to have some 
inluence on the signal generation.
A further explanation for the observed dependence of 
photoacoustic signal on repetition rate is based on the duty 
cycle of the laser excitation. The laser pulses are rather 
short in duration ( ∼ 200 ns) and the heat transfer from the 
soot particles to the surrounding gas is rapid. This may be 
expected to result in a fast pressure wave, much shorter in 
duration than the time between laser pulses. This would 
lead to a microphone response that is far from sinusoidal, 
and whose spectrum, therefore, contains signiicant contri-
butions at higher harmonic frequencies. As the laser rep-
etition rate is increased, the duration of the initial pressure 
wave will represent a larger fraction of the time between 
laser pulses, presumably leading to a response with a larger 
amplitude at the fundamental frequency, in keeping with the 
trends seen in Figs. 2 and 3.
To illustrate this point, Fig. 4 shows a fast Fourier trans-
form (FFT) of the raw microphone output for a pulse repeti-
tion frequency of 10 kHz and a laser luence of 362 mJ cm−2 , 
recorded 15 mm above the surface of the burner in a 휙 = 2.1 
lame. The data shown here have not been corrected for 
microphone response. When the frequency response of the 
microphone element is considered, it becomes clear that a 
signiicant proportion of the energy of the photoacoustic sig-
nal is present in the second harmonic, exceeding that of the 
irst harmonic, highlighting the highly non-linear nature of 
the photacoustic signal. It is likely that there is also a signii-
cant proportion of the energy in further harmonics; however, 
these could not be measured due to the low sensitivity of the 
microphone at frequencies above 20 kHz.
The frequency response has been characterised at a range 
of locations in the lame. Figure 5 shows both the irst and 
second harmonic outputs from the lock-in ampliier for a 
range of heights above the burner in a 휙 = 2.48 lame, cor-
rected for microphone frequency response. It can be seen 
Fig. 3  Measured photoacoustic signal and average laser power as a 
function of pulse repetition frequency
Fig. 4  FFT of raw (uncorrected) microphone output for a 10 kHz 
pulse repetition rate, using a luence of 362 mJ cm−2
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that the 1st/2nd harmonic ratio is roughly constant with 
height for positions greater than 7 mm above the burner, 
where soot is known to be present. This demonstrates that 
the second harmonic signal provides an equivalent measure 
of the photoacoustic signal. Nevertheless, the irst harmonic 
signal (with 10 kHz rep-rate excitation) has been used for 
the evaluation of soot proiles due, in part, to the better sen-
sitivity of the microphone at that frequency. Photoacoustic 
measurement of soot has previously been shown to agree 
well with LII in terms of relative signal levels [8].
Calibration of the photoacoustic signal to soot volume 
fraction was achieved by extinction measurements using a 
low-power (< 20 mW) 1064-nm diode laser. To improve 
the sensitivity of the extinction measurements, a 100 kHz 
sinusoidal modulation was applied to the laser drive current, 
thus producing a sinusoidal variation in the intensity of the 
laser output. The transmitted intensity was monitored using 
an InGaAs photodiode and de-modulated using the lock-
in ampliier. Extinction measurements were performed at a 
range of positions above the burner surface in the 휙 = 2.48 
lame. The absorption path length for the extinction meas-
urements was assumed to be the diameter of the porous plug. 
This will introduce a slight uncertainty but seems reasonable 
based on a radial LII proile recorded at 15 mm above the 
burner in similar lames presented in our previous work [8] 
The measured extinction coeicient k
ext
 is related to the soot 
volume fraction fV according to [12]:
where k
abs
 is the soot absorption coeicient, 휆 is the wave-
length of the incident light, and E(m) is the soot absorption 
function. The choice of the correct value for E(m) is the 
dominant source of error for this calibration technique; it 
has been the subject of numerous recent publications, and 
has been shown to vary signiicantly with soot maturity [13]. 
(1)kext ≈ kabs = fV
6휋E(m)
휆
,
A value of E(m) = 0.39 , as suggested by Desgroux et al. 
[14], has been used here. The photoacoustic proile for the 
same lame was scaled to the soot volume proile measured 
by extinction using a least squares it algorithm in Matlab.
Figure 6 shows the measured photoacoustic signal as 
a function of height above burner for lames with a range 
of diferent equivalence ratios ( 휙 = 2.1 to 휙 = 2.48 ). As 
expected, there is a clear trend of increasing photoacous-
tic signal as the equivalence ratio, and hence soot volume 
fraction, is increased. In all the lames there is negligible 
signal at positions below 6 mm above the burner. This is in 
agreement with LII measurements made in ethylene–air lat 
lames under the same conditions which indicate that solid 
soot particles begin to occur from 7 mm above the burner 
surface [15]. In general, the proiles of soot volume fraction 
with height above burner as well as with equivalence ratio 
tends to agree with these previous LII measurements [15], 
thus highlighting the applicability of photoacoustic soot 
measurement in radially uniform systems.
To obtain a measurement of the stability and sensitivity of 
the photoacoustic technique, the signal level was logged for 
30 minutes, with a 0.5 Hz sample frequency (equivalent to 
the lock-in ampliier time constant). Some increasing linear 
drift as well as a number of short-term downward luctuations 
were observed in the signal level. The short-term luctuations 
likely correspond to perturbations to the lame caused by dis-
turbances to the ambient air currents surrounding the burner. 
It is important to note that the efect of such luctuations on 
the measured signal will have already been reduced by the 
comparatively long time constant used for the lock-in ampli-
ier. Figure 7 shows the calculated Allan–Werle deviation for 
this data series. The efect of the aforementioned linear drift 
results in an optimum integration time of ≈ 100 s with a cor-
responding sensitivity (3휎 ) of 3 ppb. As the data are already 
integrated for a period of 2 s during the lock-in process there 
is not a substantial improvement in sensitivity from averaging 
Fig. 5  First and second harmonic components of photoacous-
tic signal, recorded at various heights above the burner surface in a 
휙 = 2.48 lame
Fig. 6  Vertical proiles of soot distribution for a range of lames of 
diferent equivalence ratios ( 휙 = 2.1 to 휙 = 2.48 ) (error bars repre-
sent the standard error in three measurements)
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the signal ( ≈ 70% relative improvement). This is apparent from 
the relatively shallow gradient preceding the minimum on the 
Allan–Werle plot. We also note that slight lame instabilities, 
therefore, result in a less favourable sensitivity than the true 
capability of the technique.
A potential source of error in the photoacoustic measure-
ments compared to LII is that any absorption of the laser 
energy, not only that due to the presence of soot (e.g. ro-
vibrational absorption from gaseous species), will also pro-
duce a photoacoustic signal. There are a number of other 
factors which may have an efect on the photoacoustic signal 
which have not been considered here such as the tempera-
ture of the gas medium surrounding the soot particle which 
will efect the rate of heat transfer from the particle follow-
ing heating by the laser. Other factors which may have an 
efect on the acoustic signal include the pressure and speed 
of sound in the surrounding gas medium. It should also be 
noted that variations in the composition of the bath gas (e.g. 
through the introduction of diluents, to the fuel–air mixture 
supplied to the burner) can alter the rate of heat transfer from 
the soot particle to the gas; although this may cause some 
variation in resulting photoacoustic signal, the cooling of the 
soot particles may well be so rapid that this efect is minor. 
Further work would be required to quantify any efect on the 
signal calibration. The standard error in the extinction meas-
urements, which was approximately 30 ppb, combined with 
the uncertainty in choosing the correct value of E(m) for 
calibration represents the main source of uncertainty with 
the current photoacoustic measurement technique.
4  Conclusion
To conclude, we have demonstrated a new photoacoustic 
technique for the measurement of soot distribution using a 
high-repetition-rate pulse ibre laser. The behaviour of the 
acoustic signal with increasing laser luence was shown to 
be very similar to that which is observed optically using LII, 
indicating that the particles have been heated to a suicient 
temperature for sublimation to occur. The increasing level of 
this plateau with repetition rate is attributed to the transient 
nature of the pressure wave resulting from the pulsed laser 
excitation. The detection limit ( 3휎 ) of the technique was 
determined to be a soot volume fraction of 3 ppb following 
≈ 100 s of integration.
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